We have demonstrated anodic alkoxylation of lactams followed by reactions with carbon nucleophiles in a one-pot manner using 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as a solvent. In the two-step transformation, HFIP acted as a nucleophile in the presence of solid-supported bases, while it acted as an inert solvent in the absence of solidsupported bases. This enabled us to conduct anodic alkoxylation of lactams and subsequent C-C bond forming reactions without replacing the solvent.
Introduction
Direct transformation of ubiquitous but inert C-H bonds to other functional groups via C-H bond activation is a highly attractive strategy in organic synthesis, because it can achieve atom and step economic synthesis. 1 Anodic methoxylation of amides can be regarded as a powerful tool for direct C-H bond functionalization of amides at the A-position of the nitrogen atom, which leads to the corresponding A-methoxylated products as synthetically useful Nacyliminium ion equivalents. 2 Shono and co-workers demonstrated anodic methoxylation of carbamates and subsequent C-C bond forming reactions under Lewis acid conditions as shown in Scheme 1. 3, 4 However, it requires replacement of the solvent after the electrolysis. In order to overcome the problem, direct oxidative C-C bond forming reactions have been developed to date. 510 We have recently developed an electrolytic system for anodic methoxylation using solid-supported bases. The system is based on the acid-base reaction between MeOH as a solvent and solidsupported bases, and the conjugate acid-base pair seems to act as a supporting electrolyte. 1113 Therefore, it enables us to conduct anodic methoxylation without any conventional supporting electrolytes. On the other hand, 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) has relatively high acidity (pK a = 9.3), high oxidative stability, and extremely low nucleophilicity based on the strongly electronwithdrawing CF 3 groups.
14 Therefore, HFIP would be applied to the electrolytic system using solid-supported bases. In addition, HFIP should act as a nucleophile in the presence of solid-supported bases, while it should act as an inert solvent in the absence of solid-supported bases. This might enable us to conduct anodic alkoxylation and subsequent C-C bond forming reactions without replacing the solvent. With these facts in mind, we herein report anodic alkoxylation of lactams followed by reactions with carbon nucleophiles in a one-pot manner using HFIP as a solvent. 13 C, and 19 F NMR spectra were given in ¤ (ppm) from internal TMS, CDCl 3 or d 6 -DMSO, and monofluorobenzene (¹36.5 ppm), respectively. EI mass spectra were recorded on a Shimadzu PARVUM2 gas chromatograph-mass spectrometer. High-resolution mass spectra were recorded on a JEOL JMS-700 spectrometer. Linear sweep voltammetry was performed by using a computer-controlled electrochemical analyzer (ALS/CH Instruments 620C).
General procedure for anodic alkoxylation of lactams
Anodic alkoxylation of a lactam (1 mmol) was carried out with platinum plate electrodes (2 © 2 cm 2 ) in HFIP/MeCN (10 mL, 90/ 10 v/v%) in the presence of 0.1 M silica gel supported piperidine (Si-piperidine, the concentration was based on the piperidine group) using an undivided cell. Constant current electrolysis (10 mA cm ¹2 ) was conducted with magnetic stirring at room temperature. After the charge was passed until the complete consumption of the lactam, the electrolytic solution was passed through a glass filter (pore size: 510 µm) to remove Si-piperidine. The filtrate was concentrated under reduced pressure and the yield of the corresponding Aalkoxylated product was calculated in the residue by means of 19 F NMR spectroscopy using a known amount of monofluorobenzene (1 mmol) as an internal standard. The residue was purified over silica gel column to identify the A-alkoxylated product (2a, 2b, and 2c) using 1 H, 13 C, and 19 F NMR and mass spectroscopy. (10 mL, 90/10 v/v%), Si-piperidine was separated by a glass filter (pore size: 510 µm) and washed with MeCN (17 mL), and the filtrate containing the A-alkoxylated product (27 mL, HFIP/ MeCN = 1:2) was used for subsequent C-C bond forming reactions without replacing the solvent. Trifluoroacetic acid (TFA, 3 mmol) and allyltrimethylsilane (3 mmol) were added to the solution at ¹40°C. The reaction mixture allowed to be warmed to room temperature, and then it was stirred for overnight. The reaction mixture was added to water (15 mL) and extracted repeatedly with CH 2 Cl 2 (3 © 30 mL). The combined extracts were neutralized with saturated aqueous NaHCO 3 , washed with brine, and dried over anhydrous Na 2 SO 4 . After removal of the drying agent, the organic layer was concentrated under reduced pressure and the residue was purified over silica gel column to obtain the allylated product, which was identified by comparison with literature values (3a 15 and 3b 
Results and Discussion
First, in order to evaluate the acid-base reaction between HFIP and solid-supported bases, we measured the linear sweep voltammograms of HFIP in the absence and presence of Si-piperidine. However, ionic conductivity was hardly obtained in the absence of Si-piperidine as shown in Fig. 1(a) . On the other hand, practical ionic conductivity was obtained in the presence of Si-piperidine and, therefore, an oxidation current for HFIP and/or its conjugate base was clearly observed in the presence of Si-piperidine as shown in Fig. 1(b) . These results suggest that the acid-base reaction between HFIP and Si-piperidine occurs due to the relatively high acidity of HFIP to generate the conjugate acid-base pair as a supporting electrolyte [Eq. (1)].
We next investigated anodic alkoxylation of lactams as a model reaction 17 on the basis of the acid-base reaction between HFIP and silica gel supported bases as shown in Table 1 . Although 1a was completely consumed, the corresponding A-alkoxylated product 2a was hardly formed in the absence of silica gel supported bases (entry 1). This seems to be due to the extremely low nucleophilicity of HFIP. 14 In contrast, HFIP acted as a nucleophile in the presence of Si-piperidine to afford 2a in good yield (entry 2). The HFIP/MeCN co-solvent system (entries 35) and silica gel supported bases (entries 57) were optimized, and then entry 5 was selected as the best reaction conditions. Under the reaction conditions, anodic alkoxylation of 1b and 1c was carried out to provide the corresponding A-alkoxylated products 2b and 2c in moderate to good yields, respectively (entries 8 and 9). While yields of 2ac decreased with increasing the ring members (entries 5, 8, and 9), the stability of 2ac increased with increasing the ring members. These 4.0x10 -7 6.0x10 -7 8.0x10 -7 1.0x10 -6
1.2x10 Table 1 . Anodic alkoxylation of lactams in HFIP using silica gel supported bases. Table 1 , Si-piperidine was easily separated by only filtration, and the filtrate containing 2a was used for subsequent C-C bond forming reactions without replacing the solvent. In contrast, although 2a was also formed by using N-methylpiperidine instead of Si-piperidine as shown in Scheme 2, it was difficult to separate N-methylpiperidine without decomposition of 2a after the electrolysis. In the separation process, the use of cation exchange resins (H-form) to remove N-methylpiperidine by filtration caused the decomposition of 2a. Therefore, it is notable that the use of Si-piperidine enabled us to conduct subsequent C-C bond forming reactions without replacing the solvent. In order to optimize the reaction conditions, we then investigated anodic alkoxylation of 2a followed by reaction with allyltrimethylsilane in a one-pot manner using HFIP as a solvent as shown in entries 15 in Table 2 . While Friedel-Crafts and mechanistically related reactions are usually promoted by Lewis acids in inert solvents, the reaction of 2a with allyltrimethylsilane was promoted by TFA as a Brønsted acid in the alcoholic solvent. We then selected entry 4 as the best reaction conditions for the C-C bond forming reaction. Under the same reaction conditions, the reaction of 2b with allyltrimethylsilane also proceeded smoothly to provide 3b in high yield (entry 6). In contrast, the reaction of 2c with allyltrimethylsilane did not take place at all and 2c was mostly recovered (entry 7). In this case, 2c seems to be too stable to generate the corresponding N-acyliminium ion intermediate by TFA. This limitation might be overcome by optimizing the reaction conditions.
Conclusion
In summary, we have successfully demonstrated anodic alkoxylation of lactams followed by reactions with carbon nucleophiles in a one-pot manner using HFIP as a solvent. This methodology has many practical advantages and characteristics: (a) anodic alkoxylation without conventional supporting electrolytes; (b) simple separation of solid-supported bases by only filtration; (c) two-step transformation in a one-pot manner without replacing the solvent. Limitations of this new methodology and the further application are now under investigation. Table 2 . Anodic alkoxylation of lactams followed by reactions with allyltrimethylsilane in a one-pot manner using HFIP as a solvent. 
